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Abstract 

We consider neutrino oscillations as non stationary phenomenon 
based on Schrodinger evolution equation and mixed states of neutrinos 
with definite flavors. We show that time-energy uncertainty relation 
plays a crucial role in neutrino oscillations. We compare neutrino 
oscillations with ^ B® oscillations. 

1 Introduction 

The recent accelerator K2K PP and MINOS [2] experiments is an important 
step in the study of the problem of neutrino masses and mixing. In these 
experiments with neutrino beams fully under control neutrino oscillations, 
discovered in the Super-Kamiokande [3], SNO [3], KamLAND j3] and other 
neutrino experiments [ZIIBIIH], were confirmed. 

I would like to stress that K2K and MINOS experiments are neutrino 
oscillation experiments of a new type. In these experiments for the first time 
it was measured time of neutrino production and time of neutrino detection. 

In the K2K experiment neutrinos were produced in 1.1 fisec spills. Neu- 
trino events which satisfy the criteria 

-0.2 < [(t S K - 1>kek) - t T OF) < 1-3 /isec (1) 

were selected. Here t KEK is the time of the production of neutrinos at KEK, 
tsK is the time of the detection of neutrinos in the Super-Kamiokande de- 
tector and tTOF — L/c is the time of flight. In the K2K experiment L ~ 250 
km and txoF — 0.83 • 10 3 /zsec. 

In spite neutrino oscillations are discovered, there exist different inter- 
pretation of this new phenomenon, (see, for example, |TU] and references 

1 A report at the 2nd Scandinavian Neutrino Workshop, SNOW 2006, Stockholm, May 
2-6, 2006. 
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therein). From our point of view K2K and MINOS experiments are impor- 
tant for the understanding of the physics of neutrino oscillations ^TJ IT2*] . 
In these accelerator experiments it was shown that neutrino oscillations is 
phenomenon with finite time interval At during which neutrino state is sig- 
nificantly changed (for example, is transferred into superposition of z/ M 
and v T \ For such phenomena time-energy uncertainty relation takes place 
(see, for example, [TH ITol ITU]) 

AE At > 1, (2) 

where AE is uncertainty in energy. This means that neutrinos are described 
by superpositions of states with different energies (nonstationary states). 

Neutrino oscillations and K ^=> K°, B^ t> oscillations have the same 
quantum-mechanical origin. This was original idea of B. Pontecorvo who was 
pioneer of neutrino oscillations hypothesis [T^j. Recently in high-precision 
experiments at asymmetric B-factories B^ ^=> B% oscillations were studied in 
details. Nonstationary picture of oscillations was perfectly confirmed. We 
will discuss here the formalism which is common for flavor oscillations of 
neutral mesons and flavor neutrino oscillations. 



2 Field theoretical basics 

From the point of view of the field theory neutrino oscillations are based on 
the following assumptions. 

• Lagrangians of interaction of neutrinos are given by the SM 

A CC = -r^J a CC ^ + h.c, C» c = -—^ r j» c Z°. (3) 
2a/2 2cos6V 

Here g is the SU(2) gauge coupling, 6 W is the weak angle and 

£° = 2 VlLlah] Ja°= Yl "iLlaVlL (4) 

l=e,fi,r l=e,fi,r 

are charged and neutral currents. 

• Neutrino masses are different from zero and fields of neutrinos with 
definite masses enter into CC and NC in a mixed form 



J^UuVi. (5) 
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Here U'U = 1 and z/j is a field of neutrino with mass m ; 

• A neutrino mass term enters into the total Lagrangian. The type of 
neutrino mass term at present is unknown. There are two completely 
different possibilities: Majorana mass term (in case if there are no 
conserved lepton numbers) or Dirac mass term (if total lepton number 
is conserved). 

3 Flavor neutrino states 

Flavor neutrinos v^v^, v T which are produced and detected in CC weak pro- 
cesses together with corresponding leptons, are described by mixed states. 
Let us consider, for example, the decay 

a -f b + 1+ + Pi (6) 

From analysis of neutrino oscillation data El 13 El M f° r the neutrino 
mass-squared differences the following best-fit values were found: Am| 3 ~ 
2.4 • 10" 3 eV 2 and 8.0 ■ l(r 5 eV 2 . These values are so small that due 

to Heisenberg uncertainty relation it is impossible to distinguish momenta 
of produced neutrinos with different masses (see, for example, ^1]). For the 
state of the final neutrinos we have 

|f/> = £>*> & l+b \ S \ a ), (7) 

i 

where \ui) is the state of neutrino with mass mi and momentum p and 
(z/j, l + b\S\ a) is the matrix element of the process (@). 

Neutrino energies in neutrino experiments (> MeV) are much larger than 
neutrino masses (< 1 eV). Thus, neutrino masses can be neglected in the 
matrix element. We have 

(M + 6|S|a>~/7,* (vtl + b\S\a) SM , (8) 

where {u\ l + b \S\ o)sm is the SM matrix element of the process a — ► b+l + + 
For the final neutrino state \uf) we have 

W f ) = H (vtl+blSl^sM- (9) 
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Here 

% 

is the normalized state of flavor neutrino V\ (produced in CC weak process 
together with l + ) 

Thus, because of the smallness of neutrino mass-squared differences 

• In production (and detection) processes flavor lepton numbers are ef- 
fectively conserved. 

• Matrix elements of neutrino production and detection processes are 
given by the SM. 

In strong interaction quark flavor is conserved. Therefore, in decays of T(4S) 
flavor Bd and mesons are produced. These particles are described by 
mixed states 

\B d ) = ^ (\B H ) + \B L ); \B d ) = i 1 (\B H ) - \B L )), (11) 

where \Bh,l) are states of neutral B- mesons with definite masses and widths, 
N is the normalization factor, p = H BiBd and q = ^H BiBd . The relations 
(fTUj) are neutrino analogy of the relations (JTTJ) . 

4 Mixed neutrino states and invariance un- 
der translation 

Let us consider translations in space and time 

x' a = x a + a a , (12) 

where a a is arbitrary vector. In the case of the invariance under tarnslations 
we have 

|tf)' = e iPo |tf). (13) 

Here P a is the operator of the total momentum and vectors \^f) and \^f)' 
describe the the same state. If, for example, |^) is the state with total 
momentum p the state \^)' differs from \^) by the phase factor 

I*}' = e ipa \V), (14) 
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In the case of the mixed flavor neutrino states we have 

WiY = e iPa h> = e~^ 3 M J2 Ul ' ielE%a ° U u ( 15 ) 

V i 

Thus, vectors \vi)' and \vi) describe different states. We come to the conclu- 
sion that in the case of the mixed flavor neutrino states there is no invariance 
under translation in time. This corresponds to time-energy uncertainty rela- 
tion and nonconservation of energy in neutrino oscillations. 



5 Evolution of mixed flavor neutrino states 

Evolution equation in the quantum field theory is Schrodinger equation 

..W*)> 



dt 



#!*(*)>■ ( 16 ) 



If at t = flavor neutrino v\ described by the mixed flavor state \v%) is 
produced, from (fTtjj) it follows that at the time t the neutrino is described by 
non stationary state 



h = Y, e ~ iEitu ^) = Ew z~ iEitu u- ( 17 ) 



In the case of B d and B d mesons analogous non stationary states are given 
by 

\B d ) t = g + (t) \B d ) + q - g_(t) \B d ); \B d ) t = g_(t) V - \B d ) + g+(t) \B d ). (18) 
P Q 

Here 

9±(t) = \ (e~ iXHt ± e" lA ^); X HjL = m HiL - \ V H>L , (19) 

where mu,L and Yh,l are masses and total decay widths of S^-mesons. All 
successful B d — B d phenomenology is based on these relations. 

From ()17j) it follows that the state of neutrino is significantly changed at 
the time t, which satisfies (at least for one Am^ (i ^ k)) the inequality 

(AE) tk t = t > 1. (20) 
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If in accordance with the results of K2K and MINOS experiments we put 
t ~ L from (|19|) . we obtain the standard expression for v\ — > f,' transition 
probability 

Pfa - „,) = |* w + ]T 17 W (e-* Am -^ - 1) U* | 2 (21) 

It is obvious that the time-energy uncertainty relation (|20j) is well known 
necessary condition to observe neutrino oscillations [T7j : 

^ L > 1. (22) 
2£ V ; 

We assumed that flavor neutrino state is determined by momentum and 
energies of states with different masses are different. Let us notice that in 
approach based on Schrodinger evolution equation this is the only possibility 
compatible with experimental data (otherwise in oscillation phases arbitrary 
additional terms appear). 

It was stated in literature (see [THl HH1 120] ) that in neutrino oscillations 
time is not measured and only distance L is relevant. In this approach 
oscillation probabilities are averaged over time and as a result energies of 
different mass components are the same (and momenta are different). In spite 
final expression for the transition probability obtained in [T5J 01211] coincides 
with the standard one (Eq. (}2*Tj) this approach to neutrino oscillations does 
not corresponds to the results of the accelerator long baseline experiments. 

We will present another argument against "equal energy assumption" . 
Let us consider the standard effective Hamiltonian of neutrino in matter [21] 

H = H + Hi (23) 

Here 

(Hi),,, = >/2G F p e 77,/, (24) 

is effective Hamiltonian of neutrino in matter (p e is electron number density 
and r] ee — 1) and Ho is the free Hamiltonian. In the flavor representation we 
have 

(Ho),/, = M#oh) = J2 U ^ E * U u ( 25 ) 

i 

If we assume that Ei — E in this case free Hamiltonian is an unit matrix 
(Hq),/, = E8iq. It will be no matter MSW effect in this case in contradiction 
to the results of the solar neutrino experiments (see |22.). 
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6 Conclusion 



The understanding of the physics of neutrino oscillations is an important 
issue. Accelerator K2K and MINOS experiments are new type of neutrino 
oscillation experiments: in these experiments time of neutrino production 
and neutrino detection was measured. The finite time during which neutrino 
state is significantly changed according to time-energy uncertainty relation 
requires uncertainty of energy. This means that neutrino is described by non 
stationary state. 

Neutrino oscillations and B® ^ B® etc oscillations have the same origin. 
We present here the formalism which in its basics is common for neutrino 
oscillations and flavor oscillations of neutral mesons. 

I would like to acknowledge the Italian program "Rientro dei cervelli" for 
the support. 
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